Abstract -The learning ability of European honeybees, Apis mellifera, develops with age. However, when worker bees are isolated from their colony and are fed only sucrose solution, their learning development is hindered. This rearing method has allowed us to compare worker bees of the same age but with different learning abilities. In this study, we examined the influence of this rearing condition on gene expression in the mushroom body, which is the insect brain center involved in learning and memory. A differential display experiment comparing worker bees maintained in a hive with those reared in isolation showed that the expression of the major royal jelly protein (mrjp) 1 gene was reduced in the isolated worker bees. MRJP1 is synthesized in the hypopharyngeal gland and serves a nutritional function in larval and queen food. Our results suggest that mrjp1 is also important in brain function, possibly involved in the development of learning ability.
INTRODUCTION
The honeybee Apis mellifera is a model insect for molecular studies of social behaviour (Robinson et al., 1997 Evans and Wheeler, 2001; Whitfield et al., 2002 Whitfield et al., , 2003 Whitfield et al., , 2006 Cash et al., 2005 ; The Honey Bee Genome Sequencing Consortium, 2006; Barchuk et al., 2007) . Worker honeybees change their tasks depending on age (age polyethism): young workers feed larvae in the hive (nursing) and older workers, 2-3-weekold after adult emergence, work outside the hive to collect nectar and pollen (foraging) (Robinson, 1992) . The foragers search a wide area around the hive for food sources, and share information about preferable foraging sites with the nest mates through dance communication (Von Frisch, 1967; Winston, 1987; Menzel and Mueller, 1996) . Because of such behavioural complexity, foragers are assumed to have a greater information processing ability compared to the nurses.
In honeybees, learning and memory, especially olfactory learning, are thought to be formed through integration of sensory information in the mushroom bodies (Erber et al., 1980; Durst et al., 1994; Fahrbach and Robinson, 1995; Hammer and Menzel, 1995; Meller and Davis, 1996; Rybak and Menzel, 1998; Heisenberg, 1998; Menzel, 2001; Menzel and Giurfa, 2001 ). Gene expression in mushroom bodies has been examined mrjp1 gene expression in honeybee brain 195 to identify genes that are involved in learning and memory in honeybees, and some genes are found to be specifically expressed in the mushroom body intrinsic neurons known as Kenyon cells (Kamikouchi et al., 1998 (Kamikouchi et al., , 2000 Takeuchi et al., 2001 Takeuchi et al., , 2002 Takeuchi et al., , 2004 Sawata et al., 2002; Yamazaki et al., 2006) . Ichikawa and Sasaki (2003) examined olfactory associative learning using a proboscis extension conditioning assay (Bitterman et al., 1983) and reported that learning ability of workers develops with age, but this development is severely reduced when they are reared in isolation and provided with sucrose as the only food. The method of Ichikawa and Sasaki (2003) provides an experimental system to compare the gene expression profiles of same age workers with different learning abilities. In the present study, we compared the gene expression profiles in the mushroom bodies of workers reared in a hive and those reared by the method of Ichikawa and Sasaki (2003) by differential display to identify the genes involved in the development of learning ability in honeybees. We report that the major royal jelly protein (mrjp) 1 gene, which is expressed in the hypopharyngeal gland, is also expressed in the mushroom bodies, and its expression is reduced when worker bees are reared in isolation. We also report on the expression of the other mrjp genes (mrjp2-9) in the mushroom bodies of workers.
MATERIALS AND METHODS

Rearing of workers in isolation
European honeybees, A. mellifera, were purchased from a local supplier (Nonogaki Apiary, Aichi, Japan) and maintained on the bee farm of Tamagawa University, Machida, Japan. Workers were kept in an isolated condition as reported previously by Ichikawa and Sasaki (2003) . In brief, newly emerged workers younger than 1 day were individually confined to a glass vial (3 cm in diameter, 5 cm in high) containing another small glass vial (ø1 cm, 3 cm high) with 1 M sucrose. The vials were covered with clean cheesecloth and buried in charcoal in a plastic case. The sucrose solution was replaced once every three days. These workers, referred to as 'isolated bees', were reared in a dark incubator at 32
• C for eight days.
To obtain known-age workers from a hive, newly emerged workers were marked with colour paint and returned to their hive. The marked workers that were maintained in the hive for 8 days were referred to as 'colony bees'.
Fluorescent differential display
The central region of the worker brain, including the mushroom bodies, was dissected out in RNAlater RNA stabilization reagent (Qiagen, Tokyo, Japan). Antennal lobes and optic lobes were carefully removed as described by Takeuchi et al. (2001) . The total RNA was extracted from mushroom bodies of 8 to 16 individuals using the RNeasy mini kit (Qiagen), and the RNA concentration was determined by a spectrophotometer (GeneQuant pro; GE Healthcare Bio-Sciences, Tokyo, Japan).
To perform fluorescence differential display (FDD), 1 μg of RNA was first treated with 1 unit of RNase-free DNase I (Invitrogen Corp., Carlsbad, CA, USA). FDD reactions were performed using the fluorescence differential display kit (Takara Bio Inc. Otsu, Shiga, Japan) according to the manufacturer's instructions. In brief, the DNase-treated RNA was reverse transcribed with 25 units of AMV reverse transcriptase XL (Takara Bio Inc., Otsu, Shiga, Japan) with 275 pmol of rhodaminelabelled primer (5'-T 13−15 GC-3'). The polymerase chain reaction (PCR) was performed with upstream primers (No. 9 to 24) and a rhodamine-labelled downstream primer. The PCR products were separated on a 6% polyacrylamide denaturing gel and the gel was scanned using a fluorescent image analyzer (FMBIO-III Multi-View; Hitachi Software Engineering, Tokyo, Japan). Reactions without reverse transcriptase were used as negative controls to confirm that the RNA preparation was not contaminated with genomic DNA. The FDD-PCR reactions were performed in duplicate using different sets of RNA samples to examine the reproducibility of the analysis.
Reamplification, subcloning and sequencing
Bands of interest were excised, and the gel was boiled in deionized water to extract DNA. The extracted DNA was reamplified by PCR using TaKaRa LA Taq (Takara Bio) with the same primer combination used in the FDD, but without the fluorescent label in the downstream primer under the following conditions: 94
• C for 2 min, 40
• C for 5 min and 72
• C for 5 min for 1 cycle; 94
• C for 30 s, 40
• C for 2 min and 72
• C for 1 min for 35 cycles and then 72
• C for 5 min. The PCR product was purified with the QIAEX II gel extraction kit (Qiagen), ligated into pGEM-T easy vector (Promega, Madison, WI, USA) and transfected into Escherichia coli JM109 competent cells (Takara Bio). The nucleotide sequence of the inserted DNA fragment was determined using the BigDye terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster, CA, USA) and the ABI PRISM 3100 genetic analyzer (Applied Biosystems). The identified sequence was subjected to a homology search using the basic local alignment search tool (BLAST) on the National Center for Biotechnology Information (NCBI) server (http:// www.ncbi.nlm.nih.gov/BLAST/).
Real-time quantitative reverse transcriptase polymerase chain reaction (qRT-PCR)
Total RNA was extracted from mushroom bodies using the RNeasy Mini kit (Qiagen). DNase I treatment was included in the RNA extraction protocol according to the manufacturer's instruction. The RNA was then reverse transcribed using TaqMan reverse transcription reagents (Applied Biosystems) with oligo(dT) primer.
The qRT-PCR was performed using a SYBR Green I chemistry and sequence detection system ABI PRISM 7000 (Applied Biosystems). Primers specific to the target genes were designed using primer express software (Applied Biosystems). The optimal primer concentrations for PCR were determined for each primer set by comparing amplification profiles with different primer concentrations. The primer sequences and primer concentrations employed are shown in Table I . Amplification was performed in a 25-μL reaction volume containing 12.5 μL of Power SYBR Green PCR master mix (Applied Biosystems). The thermal cycling program consisted of 2 min at 50
• C and 10 min at 95
• C followed by 50 cycles of 15 s at 95
• C and 1 min at 60
• C. To confirm specific amplification of each cDNA fragment, the PCR products were electrophoresed on an agarose gel on which a single band of the expected size was observed for each gene. The PCR products were also sequenced to confirm their identities.
Each cDNA sample was measured in triplicate, and the levels of target transcripts were normalized to actin (accession number AB023025), which is a house keeping gene and expressed equally in different honeybee castes (Chen et al., 2005) . The data were analyzed by the relative standard curve method according to the user's manual (Applied Biosystems, 2001 ).
RESULTS
Comparison of gene expression profiles by differential display
We compared gene expression in the mushroom bodies of worker bees maintained in a colony (colony bees) with those reared in isolation (isolated bees) by fluorescence differential display (FDD). Using 16 primer sets, we detected a total of 604 bands from the colony bees and 594 bands from the isolated bees. Of these, 591 bands showed almost equal expression intensity between the colony and isolated bees, 13 bands had stronger expression in the colony bees than in the isolated bees and three bands had weaker expression in the colony bees than in the isolated bees. Although differential display has low reproducibility (Livesey and Hunt, 1996) , our results were reproducible in two independent runs with different RNA samples. Of the colony bee-specific bands, a band of approximately 1.1 kbp using No. 13 upstream primer showed the most obvious difference in intensity (Fig. 1) , and we determined the nucleotide sequence of this band. A BLAST search showed that the 1047-bp sequence was identical to that of major royal jelly protein (mrjp) 1 (accession No. AF000633).
Quantification of mrjp1 expression by real-time quantitative reverse transcriptase polymerase chain reaction (qRT-PCR)
To further confirm the differential expression of mrjp1 identified in the differential display analysis, we performed qRT-PCR. Each RNA sample was extracted from a pool of 20 mushroom bodies from colony and isolated bees. The measurements were performed using three pairs of RNA samples extracted at Table I three different times. The results showed that mrjp1 expression was clearly higher in the colony bees than in the isolated bees. The expression level of mrjp1 in the isolated bees was less than 1% of those in the colony bees in the three comparisons (Fig. 2) .
Expression of mrjp genes in the mushroom body and hypopharyngeal gland
The honeybee has nine mrjp genes (Drapeau et al., 2006) , and MRJP proteins are components of the royal jelly synthesized in the hypopharyngeal gland of nurse bees (Ohashi et al., 1997; Simüth, 2001) . Because the hypopharyngeal gland is also located in the head of worker bees and is well-developed in nine-day-old colony bees, mrjp1 expression detected in the mushroom body might be due to contamination of the transcript from the hypopharyngeal gland. To test this possibility, we compared the composition of mrjp transcripts between the mushroom body and hypopharyngeal gland collected from three individual nurse bees by qRT-PCR using primer sets that specifically amplify each of the nine genes (Tab. I). The mrjp7, mrjp1 and mrjp2 transcripts were the three most abundant transcripts in the mushroom body, whereas mrjp1, mrjp3 and mrjp2 were the most abundant transcripts in the hypopharyngeal gland (Fig. 3) . The expression ratio of mrjp1 to mrjp3 was 14.7 ± 2.9 (mean ± s.d.) in the mushroom body and 4.4 ± 0.3 in the hypopharyngeal gland, respectively. The difference was significant (one-factor ANOVA, F = 35.7, P = 0.039), suggesting that at least part of mrjp1 transcripts detected in the mushroom body are expressed there, even though the mrjp3 transcripts detected in the mushroom body are contaminants from the hypopharyngeal gland. Similar comparisons also suggested that mrjp2 and mrjp7 are expressed in the mushroom body, the expression of mrjp7 being obvious.
DISCUSSION
We investigated differentially expressed genes in the mushroom bodies of colony and isolated worker bees by differential display. This method is based on PCR amplification of gene fragments and is a highly sensitive method for detecting small differences in gene expression (Liang and Pardee, 1992) . Although the results of differential display may mrjp1 gene expression in honeybee brain lack reproducibility (Livesey and Hunt, 1996) , we identified 16 bands that were differentially and reproducibly expressed between the colony and isolated bees using two independent sets of RNA samples. All other bands showed nearly equal intensity between the colony and isolated bees, suggesting that the difference in rearing condition affected the expression of only specific genes. Ichikawa and Sasaki (2003) reported that isolation of worker bees decreased the development of their learning ability. Our data show that isolation also affects the expression of some genes in the mushroom body, suggesting that such changes in gene expression might lead to degradation of brain function. However, the cause of altered gene expression is unclear. We believe that lack of social environment in isolation could be a causal factor. However, it is also possible that poor nutrition affected gene expression in the isolated bees, as they were provided with only sucrose solution.
The mrjp1 gene was the most prominent colony bee-specific band found in the differential display analysis (Fig. 1) , and the differential expression of mrjp1 was further confirmed by qRT-PCR (Fig. 2) . MRJP1 is a royal jelly protein synthesized in the hypopharyngeal gland and is a component of food for the larvae and queen (Hanes and Simüth, 1992; Klaudiny et al., 1994; Kubo et al., 1996; Ohashi et al., 1997; Simüth, 2001; Santos et al., 2005) . Kucharski et al. (1998) demonstrated that mrjp1 was expressed in the mushroom body and its expression changed depending on the age of the honeybee, suggesting that the expression was correlated with the development of learning and memory. We demonstrated that the mrjp1 expression level in the mushroom body was reduced in isolated bees, further supporting the hypothesis that mrjp1 gene expression is associated with the development of learning ability.
MRJPs share a common evolutionary origin with the Yellow protein family (Albert et al., 1996 (Albert et al., , 1999 Maleszka and Kucharski, 2000; Albert and Klaudiny, 2004) . Recent genomic analysis of A. mellifera suggests that mrjps evolved from yellow-e3 (Drapeau et al., 2006) . Yellow was originally identified as a gene involved in the pigmentation of larval and adult cuticle in Drosophila melanogaster (Nash, 1976) . There are 14 yellow-related proteins in D. melanogaster, and they have diverse functions, including pigmentation, reproductive maturation and regulation of sex-specific behaviours (Drapeau, 2003) . The putative function of Drosophila yellow-e3 is in early brain development (Drapeau et al., 2006) . Therefore, it is possible that MRJPs also have regulatory functions that control development and behaviour of honeybees (Maleszka and Kucharski, 2000) in addition to their nutritional functions (Albert et al., 1999) .
Studies have suggested that MRJP1 is a multifunctional protein. Besides its importance as a nutrient in royal jelly, MRJP1 may protect the royal jelly from bacterial infections through the formation of a short digestion product of the MRJP1 C terminus, which has antimicrobial activity (Fontana et al., 2004) . MRJP1 is also present in honey and honeybee pollen, namely in pollen pellets and pollen bread. Although the functions of MRJP1 in these honeybee products are not completely elucidated, it is postulated that the MRJP1 participates in physical-mechanical processing of honey and honeybee pollen (Simüth et al., 2004 , in which MRJP1 is referred to as apalbumin-1). Furthermore, it has been reported that MRJP1 is physiologically active in mammalian cells: The N-terminal fragment of MRJP1 stimulates mouse macrophages to release tumour necrosis factor alpha (Simüth et al., 2004; Majtan et al., 2006) , and MRJP1 has growth factor-like properties in primary-cultured rat hepatocytes (Kamakura and Sakaki, 2006) . Our results, together with those reported by Kucharski et al. (1998) , suggests that MRJP1 has a function in the brain and is possibly involved in the development of learning ability. MRJP1 appears to be an important multifunctional protein that is related to the honeybee's unique character as a social insect.
